and also tan d = JJ-.
in which T is the relaxation time, CO = 2"jl f, in which f is the frequency of the A.C. field or, as the case may be the mechanical stress applied and A K is a quantity that will be discussed later. In the "electric" case tan £ is often called the dielectric loss, where as in the "mechanical" case tan S is called the "internal friction".
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Both c o l l o q u i a l names a r e n o t q u i t e c o r r e c t , b u t t h e y suggest t h e i r p h y s i c a l
meaning q u i t e w e l l . What i s t h e s i g n i f i c a n c e o f Z , when considered on a molec u l a r o r atomic s c a l e ? Suppose we have a n i o n ( o r a n electron o r a group o f molecules) i n a p o t e n t i a l w e l l , t h a t is s e p a r a t e d from its surroundings by a p o t e n t i a l b a r r i e r Q. The i o n i n q u e s t i o n w i l l p i c k up energy from its surroundings owing t o its v i b r a t i o n i n t h e p o t e n t i a l w e l l and t o t h e c o l l i s i o n s w i t h t h e w a l l s .
A f t e r some time (relaxation t i m e Z 1, it w i l l have l l c o l l e c t e d " s u f f i c i e n t energy t o jump o v e r t h e p o t e n t i a l b a r r i e r from cne w e l l t o a n a d j a c e n t one.
I f w 7 >> 1 , no jumps can be made because t h e AC f i e l d r e v e r s e s t o o q u i c k l y , i n o t h e r words, no energy is absorbed and s o t a n = o.
I f w t < < 1 , t h e jumps can b e made a t t h e beginning o f each new p e r i o d , and s i n c e t a n 6 i s p r o p o r t i o n a l t o E* ( i f E is t h e e l e c t r i c f i e l d a t t h e mcment o f t h e jump), a g a i n t a n 3 = o.
Tan & has a c o n s i d e r a b l e v a l u e o n l y i f W Z 1 , s o t h a t t a n 6 a s a f u n c t i o n o f w is a r a t h e r narrow b e l l -s h a ed c u r v e w i t h its maximum where & = -L For r J t = 1, ( t a n b max T h i s means t h a t i n t h e former c a s~m o d u l u s K ' i s h i g h e r t h a n i n t h e l a t t e r c a s e , t h e d i f f e r e n c e b e i n g i n d i c a t e d by A K. A s t o t h e temperature, r e l a x a t i o n p r o c e s s e s a r e t y p i c a l r a t e p r o c e s s e s , which means t h a t t h e r e l a x a t i o n time -C can u s u a l l y be expressed i n a formula of t h e t y p e = T o e C/RT i n which Q is t h e above p o t e n t i a l b a r r i e r , RT has t h e wellknown s i g n i f i c a n c e and fS i s a c h a r a c t e r i s t i c r e l a x a t i o n time.
% s i c a l l y both t e t a n & -T and t a n 8 -& c u r v e s show a maximum i n t h e area where W 5 = w~, € ' / R~ = 1.
I n p r a c t i c a l experiments t h e temperature may be k e p t c o n s t a n t and w be v a r i e d , b u t t h i s means t h a t d i f f e r e n t t y p e s o f a p p a r a t u s have t o be used, which makes t h e experiments l a b o r i o u s and expecsive. It is much e a s i e r t o keep tu c o n s t a n t and t o v a r y T; v e r y o f t e n t h i s can be doce w i t h t h e same equipment.
There is a n o t h e r reason why t h e l a t t e r t y p e of experiments were found i n t e r e st i n g . The knowledge o f t h e t a n 6 -T c u r v e provides a n e a s y method o f determin i n g t h e v a l u e o f Q.
For t h e 11electrf611 _cse d i f f e r e n t a p p a r a t u s i n t h e wide range.of f r e q u e n c i e s f = s-I t o 10 s a r e a v a i l a b l e t o measure koc; t a n v a n e s w i t h T f o r T h i s provides sufficient v a r i a t i o r , f o r a s t u d y o f t h e dependfnce o f t a n d on temperature, because t h e methods nectioned can be used i n t h e temperature range frorr. -1 OoOc t o 800'~.
If i t i s known how Q behaves i n a . s e r i e s o f g l a s s e s i n which t h e compositions a r e v a r i e d i n a s y s t e m a t i c way, i n t e r e s t i n g c o n c l u s i o n s can o f t e n be drawn about t h e s t r u c t u r e o f t h e s e g l a s s e s , and it can b e shown what t h e mechanism o f t h e
r e l a x a t i o n phenomenon i s on a r atomic s c a l e .
From t h e above formulae i t c a n be d e r i v e d , t h a t R T = -m Q I n -0 i f Tm i s t h e temperature where t a n 6 is maximal a s a f u n c t i o n o f T and w is t h e g i v e n frequency o f t h e A.C. f i e l d a p p l i e d .
I n o t h e r words, i f Tm is known, i.e. t h e ~o s i t i o n o f ( t a n 6 )rnax i n t h e t a n 6 -T diagram, Q can be c a l c u l a t e d w i t h a c o n s t a r t p r o p o r t i o n a l i t y f a c t o r , namely Q = (-R I n wx .) Tm.
I n macy c a s e s however,T, is n o t known. I n t h a t c a s e Q can be determind w i t h t h e formula = R ( l n f i -l n f 2 i f t h e s i t u a t i o n o f T and T f o r two t a n 6 -T 1 ITmq -I ITm '"1 m2 L 1 c u r v e s i s measured z t two d i f f e r e n t f r e q u e n c i e s f l and f l .
3. P r a c t i c a l R e s u l t s .
-
The
, which r e s u l t s i n much wider t a n 3 peaks i n t h e t a n 8 -T diagram.
S t r a n g e enough, v e r y few i n v e s t i g a t i o n s have been c a r r i e d o u t w i t h c r y s t a l s , whereas f o r v i t r e o u s s y s t e m s e x t e n s i v e m a t e r i a l is a v a i l a b l e .
Figure 1 g i v e s a r e p r e s e n t a t i v e b u t s i m p l i f i e d o v e r a l l p i c t u r e f o r t a n 6 as a f u n c t i o n o f frequency a t two temperatur s (30C' and 50 K ) f o r t h e complicated g l a s s e s used f o r t e c h n i c a l a p p l i c a t i o n s These a r e s e c t i o n s o f a g e n e r a l s t e r i c a l model, where t a n 6 i s p l o t t e d a s a f u n c t i o n o f T and f . An a n l y s e s o f t h e c u r v e s o f f i g . 1 shows t h a t t h e r e a r e 3 t y p e s o f r e l a x a t i o n phenomena i n (non-radiated) g l a s s e s , namely t h e m i g r a t i o n l o s s e d ( c u r v e s I acd 2 ) , t h e l o s s e s due t o l o c a l motions ( c u r v e 3 ) and t h e network l o s s e s ( c u r v e 4 ) .
. s n c h a r a c t e r i s t i c s of t h e v a r i o u s t y p e s o f r e l a x a t i o n phenomena i n v i t r e o u s
systems.
Migration l o s s e s .
-------------------
Migraf;ion,losses u s u a l l y occur i n t h e frequency range f = 10' s-' (and l o w e r ) t o f =-lo0 s-' and t h e y are-due mainly t o t h e jumping o f t h e ~a + i o n s i n t h e i n t e r s t i c e s o f t h e network (through ~i + and K+ i o n s may a l s o g i v e some c o n t r i b ut i o n ) .
They a r e c h a r a c t e r i s e d by a c t i v a t i o n e n e r g i e s from 0.6 t o 1 . 2 eV. depending on t h e composition o f t h e g l a s s . S i n c e t h i s v a l u e is f a i r l y h i g h , t h e m i g r a t i o n l o s s e s are h a r d l y s e n s i t i v e t o t h e temperature. b n y c a s e s a r e known where b e s i d e s t h e a c t i v a t i o n energy o f t,he d i e l e c t r i c r e l a x a t i o n a l s o t h a t o f t h e s e l f -d i f f u s i o n f o r ~a + i o n s o r t h a t of t h e D.C.
e l e c t r i c c o n d u c t i v i t y or both a r e known. I n t h e s e c a s e s t h e s m , e v a l u e i s found f o r each g l a s s , which shows t h a t . t h e mechanism o f t h e jumping o f t h e ~a + i o n s is r e a l l y r.esponsible f o r a l l t h e s e t h r e e e f f e c t s . 
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I n a number o f r e c e n t p a p e d ) a b o u t measurements w i t h blocking and non-blocki n g e l e c t r o d e s , i t was showr t h a t t h e m i g r a t i o n l o s s e s ( c u r v e s 1 + 2 )
a r e r e a l l y a s u p e r p o s i t i o n o f ( 1 ) "conduction l o s s e s f 1 ( t h e Na+ i o n s jump under t h e i n f l u e n c e o f a D.C. f i e l d p r i n c i p a l l y i n one d i r e c t i o d a n d ( 2 ) t h e "dipole r e l a x a t i o n l o s s e s " ( t h e Na+ i o n s jump t o and f r o i n a l i m i t e d a r e a and f o l l o w t h e frequency o f a n A.C. f i e l d a p p l i e d ) .
Usually t h e conduction l o s s e s f o r one and t h e same g l a s s a t a given temperat u r e have t o be l o c a t e d a t much lower f r e q u e n c i e s t h a n t h e d i p o l e r e l a x a t i o n l o s s e s . T h i s is why t h e l f o r m e r a r e u s u a l l y o v e r r u l e d by t h e l a t t e r , a t l e a s t i n t h e r a r g e o f f = 10' s-t o 1 o6 s-I . These l o s s e s a r e caused by a n atoms llwagglingll between s e v e r a l p o s i t i o n s i n t h e i r own i n t e r s t i c e s s e~a r a t e d by r a t h e r low p o t e n t i a l b a r r i e r s . The Q v a l u e s involved a r e v e r y low indeed. They v a r y between 0.05 and 0 . 2 eV. T h i s means t h a t t h e y a r e v e r y s e n s i t i v e t o t h e temperature. Fig. 1 shows t h a t t h e y c a n be s t u i e d onky a? r a t h e r low temperatures (50 K) and a t medium f r e q u e n c i e s ( f = lo3 i q t o 10 < 1.
A t room temperature t h e y cannot be d e t e c t e d because they a r e droxned i n t h e l o s s e s r e p r e s e n t e d by c u r v e 4 .
4,s N~tw:rll_l:s_sez. A s t h e y a r e due t o t h e r e l a x a t i o n o f mcvements o f p a r t s o f t h e network, t h i s t y p e o f l o s s e s is found mainly i n t h e r e g i o n where t h e g l a s s approaches its a n n e a l i n g range.
The v a l u e o f a c t i v a t i o n energy Q is v e r y high and u s u a l l y between 2.2 and 4 e V . It i s n o t s u p r i s i n g t h a t t h i s v a l u e is about as high as t h e u s u a l a c t i v a t i o n e n e r g i e s f o r v i s c o u s flow. T h i s i s a v e r y s t r o n g evidence t h a t t h e r e l a x a t i o n indeed is due t o movements o f p a r t s o f t h e network ( r u p t u r e and recombination).
5. Concluding r e m m . -I n t h e preceeding t e x t some g e n e r a l remarks about t h e f o u r d i f f e r e n t t y p e s o f r e l a x a t i o n s phenomena i n v i t r e o u s systems a r e made.
I n t h e l a s t f i f t e e n y e a r s t h e behaviour o f many v i t r e c c s systems h a s been s t u d i e d . These i n c l u d e s i l i c a t e , b o r a t e and phosphate g l a s s e s , a s w e l l a s t h e complicated g l a s s e s used f o r t e c h n i c a l a p p l i c a t i o n s .
Many d e t a i l s about t h e s t r u c t u r e o f t h e s e systems have been r e v e a l e d . A survey o f t h i s work is g i v e n i n a paper by t h e a u t h o r t o b e published b e f o r e l o n g i n t h e J o u r n a l o f Non -C r y s t a l l i n e S o l i d s , 1985.
